Over the last decade, extensive genetic and genomic resources have been developed for the conifer white spruce (Picea glauca, Pinaceae), which has one of the largest plant genomes (20 Gbp). Draft genome sequences of white spruce and other conifers have recently been produced, but dense genetic maps are needed to comprehend genome macrostructure, delineate regions involved in quantitative traits, complement functional genomic investigations, and assist the assembly of fragmented genomic sequences. A greatly expanded P. glauca composite linkage map was generated from a set of 1976 full-sib progeny, with the positioning of 8793 expressed genes. Regions with significant low or high gene density were identified. Gene family members tended to be mapped on the same chromosomes, with tandemly arrayed genes significantly biased towards specific functional classes. The map was integrated with transcriptome data surveyed across eight tissues. In total, 69 clusters of co-expressed and co-localising genes were identified. A high level of synteny was found with pine genetic maps, which should facilitate the transfer of structural information in the Pinaceae. Although the current white spruce genome sequence remains highly fragmented, dozens of scaffolds encompassing more than one mapped gene were identified. From these, the relationship between genetic and physical distances was examined and the genome-wide recombination rate was found to be much smaller than most estimates reported for angiosperm genomes. This gene linkage map shall assist the large-scale assembly of the next-generation white spruce genome sequence and provide a reference resource for the conifer genomics community.
INTRODUCTION
White spruce (Picea glauca [Moench] Voss; family Pinaceae) is a coniferous species with a diploid (2n = 24) and large complex genome of approximately 20 Gbp (Birol et al., 2013; Warren et al., 2015) . Despite their considerable sizes, several Pinaceae draft genomes have recently been et al., 2014; Zimin et al., 2014) are still considerably fragmented with weak resolution of the overall genome macrostructure (de La Torre et al., 2014) . For white spruce, the most resolved genome sequence assembly (named PG29v4) includes 3.1 million scaffolds longer than 500 bases and has a N50 of 43.5 kbp (Warren et al., 2015) , while the N50 is 4.9 kbp for the published genome sequence of Norway spruce (Picea abies) (Nystedt et al., 2013) and 66.9 kbp for that of loblolly pine (Zimin et al., 2014) . Thus, in conifers, most current sequence scaffolds contain only one or no genes, so that genes remain physically isolated and unordered.
Genetic mapping has recently been used in several projects to position gene coding regions on plant genomes and help build physical genome maps to anchor sequence scaffolds obtained from WGS, e.g. in chickpea (Deokar et al., 2014) , melon (Argyris et al., 2015) , potato (Xu et al., 2011) , ryegrass (Velmurugan et al., 2016) , and soybean (Song et al., 2016) . Mapping population sequencing and genetic mapping also enabled the generation of more contiguous genome sequence assembly for barley, wheat and sesame genomes (Mascher et al., 2013; Chapman et al., 2015; Wang et al., 2016) . Genetic mapping reveals longdistance structure at the scale of the chromosome and thus complements the fine-scale understanding developed from WGS assemblies. A high degree of mapping precision combined with adequate assembly contiguity is required for true effectiveness.
From a functional perspective, genetic maps and genomic sequences represent complementary tools for gene discovery and investigation of trait variation. Combining gene mapping, quantitative trait loci (QTL) mapping and scaffold annotation results in a finer characterization of valuable genomic regions such as those involved in traits of ecological or economic importance (Fierst, 2015) . For example, in maize, a high-density genetic map combined with the reference genome enabled accurate QTL detection and prediction of candidate genes involved in plant architecture (Zhou et al., 2016) . In conifers, genetic maps, particularly those based on expressed genes, are also useful to identify genomic regions and sets of candidate genes involved in quantitative traits . However, the study of QTLs is challenging in long-lived conifers because of the time and resources required to develop adequate biological material. Consequently, QTL studies remain under-developed in conifers Ujino-Ihara et al., 2012; Prunier et al., 2013; Lind et al., 2014; Marguerit et al., 2014; de Miguel et al., 2014) . The high level of synteny and collinearity observed between maps of phylogenetically distant spruce species (Pelgas et al., 2006; Pavy et al., 2008) and between spruce and pine taxa (Pavy et al., 2012) should facilitate comparative QTL studies. This highly conserved genome macrostructure is quite exceptional given that major spruce lineages diverged more than 10 MYA (Bouill e and Bousquet, 2005) and that pine and spruce lineages diverged more than 120 MYA (Savard et al., 1994) . For instance, white spruce markers from mapped genes were successfully used for genotyping and mapping QTLs and genes potentially involved in disease resistance in Norway spruce (Picea abies) (Lind et al., 2014) , which was also facilitated by high gene sequence conservation among distantly related spruces (Bouill e and Bousquet, 2005; Namroud et al., 2010) . This high level of conservation of genome macrostructure among Pinaceae genomes means that substantial knowledge will likely be transferable between species. Detailed and accurate linkage mapping in white spruce should thus be useful for apprehending genome macrostructure in other Pinaceae taxa, identify candidate QTLs, assist in map-based cloning of genes involved in important traits and assist in assembling diverse Pinaceae genome sequences.
Recent efforts leading to the production of large registries of white spruce gene SNPs, high-throughput genotyping chips and expanded mapping populations (Pavy et al., 2013a,b) have opened the way towards high precision mapping on a large scale in white spruce. In this project, our objective was to construct a map of white spruce genes that will serve as the reference for genomic applications in spruce and other Pinaceae and conifer taxa. This map represents: (i) a considerable increase in the number of mapped genes to reach about one-third of the set of known transcribed genes; (ii) a much more accurate map relying on a large mapping population involving almost 2000 progeny; (iii) a glance at gene organization along the chromosomes including assessment of uniformity of gene distribution, detection of tandem arrays and expressional clusters; (iv) an evaluation of the relationships between genetic and physical distances based on gene positioning, enabling the bridging of the genetic map with the most advanced whole-genome sequence assembly released for white spruce; and (v) an annotated resource that will be transferable to the demonstrated syntenic pine genome.
RESULTS

Attributes of white spruce gene linkage maps
In total, 8793 SNPs from as many transcribed genes were positioned on the Picea glauca composite map developed here (Figure 1c and Tables S1 and S2 ). This represents more than five times the number of genes mapped previously (Pavy et al., 2012) and is roughly one-third of the 27 720 distinct expressed genes identified by Rigault et al. (2011) for the species. The resulting composite map consists of 12 linkage groups (LGs), which correspond to the known haploid chromosome number of white spruce (Nkongolo, 1996) and of most species of the Pinaceae 6  0  7  0  8  0  9  0  1  0  0  1  1  0  1  2  0  1  3  0  1  4  0  1  5  0   6   10  20  30  40  50  60  70  80  90  100  110  120  130  140  0  5  1  160   7   10  20  30  40  50  60  70  80  90 (d) QTL regions detected for bud flush (in green), bud set (in blue) and height growth (in red) (significant at the genome-wide level, P < 0.05). Pale colors stand for QTLs detected in indoor growing conditions and the dark ones are for the outdoor conditions. The growing conditions were described by Pelgas et al. (2011) . QTLs detected on the female parental map and on the male parental map are reported respectively outside and inside of the black line drawn. (e) Gene distribution. The curve in bold represents the Kernel density estimation and the dotted curves represent the limits of the 95% confidence interval. The regions in the darkest orange indicate regions with the largest number of genes per cM. (f, g) Tandemly arrayed genes (TAGs) found when low (f) or high (g) stringency parameters were used to cluster the protein sequences coded by the mapped genes into super-families or families, respectively. High-stringency parameters: 50% of identity over 90% of the sequence length. Low-stringency parameters, 30% of identity over 70% of the sequence length.
(h) Clusters of co-localising and co-expressed genes. Co-localisation was declared if no recombination was observed after the analysis with 1976 progeny. Coexpression across tissues was defined according to the belonging of each gene to one of the 24 transcriptional modules delimited by Raherison et al. (2015) .
(i) Distribution of co-localising SNPs on the male (light blue) and female (dark blue) parental maps. Each linkage group was divided into 50 equal-sized windows. The reported data are the sum of bin sizes (i.e. SNPs with no recombination in-between) within each window. (Nkongolo and Mehes-Smith, 2012) . The total length of the composite map was 1895 cM, whereas framework female and male maps were 2097 and 1696 cM, respectively (Table 1) . The 12
LGs varied little in length (mean = 158 cM, S.D. = 19 cM) ( Figure 1c and Table 1 ) but were significantly longer (one-tail paired t-test, d.f. = 11, P = 2.5 9 10e À8 ) for the female map than the male one (Table 1 ). There were on average 4.6 genes positioned per cM on the composite map. We also detected 1680 cases of SNP co-localisation, i.e. for 21.9% of the 1:1 segregating SNPs and 9.3% of the 1:2:1 segregating SNPs (shared SNPs among individual parental maps). Those SNPs were grouped into genetic bins ( Figure 1i and Table S3 ). Therefore, the composite genetic map comprised 7113 unique positions, or bins (8793 minus 1680). One major segregation distortion region, representing approximately 25% of LG03, was observed on the male parental map. In this region, all SNPs with less than 1% missing genotypes (see Experimental Procedures) displayed a strong segregation distortion against expected Mendelian ratios (v 2 test, P ≤ 0.0001; Table S11 ). Conversely, none of the female SNPs was distorted in that region ( Figure S1 ). An array of 23 SNPs from this region was used to genotype progeny from three other crosses, including a reciprocal cross of the present mapping population. In this latter cross (2388 as the female parent), segregation distortion was still observed within the progeny (and haploid megagametophytes). Nonetheless, segregation distortion was not significant when 2388 was crossed with other individuals (♂81111 or a mix of 20 fathers). These observations of numerous contiguous distorted markers in one region could suggest the presence of a segregation-distorting locus (SDL) (Vogl and Xu, 2000) around the position 155 cM of LG03 ( Figure S1 ; Table S11 ). Such SDL can cause distorted segregation ratios in early-life stages and is not unexpected in species where mechanisms exist to prevent inbreeding depression (Williams, 2007) . In this study, it was not possible to distinguish between segregation distortion before and after fertilization because empty seeds were discarded using an air filtration system prior to storage. However, the fact that segregation distortion was not significant when 2388 was crossed with other individuals could suggest a postzygotic effect. In total, 20 QTLs were positioned at a genome-wide threshold of P < 0.05 (10 for bud set, seven for bud flush, and three for height growth) ( Figure 1c and Table S4 ). The traits considered for QTL detection were those previously phenotyped by Pelgas et al. (2011) on 482 clonally propagated progeny included in the present mapping population (see Experimental Procedures). Only the expanded framework parental maps, that contained five times more genetic markers, were changed from the previous QTL analysis. Single-peak QTLs (n = 15) exceeding the genomewide threshold were used to compare the results from the previous and current studies: the average AE 1 LOD intervals of QTLs obtained with the new maps (9.3 cM, s.d. = 5.9 cM) was smaller than that of the previous maps (14.9 cM, s.d. = 8.1). This difference likely represents an effect of marker coverage given that on average 16 mapped markers per QTL interval were observed with the new parental maps compared with 2.3, previously. Other positive consequences of using denser maps are illustrated by the two following examples: (1) one large QTL (originally 25 cM) has been resolved on the new parental maps in two smaller QTLs of 3.5 and 8.5 cM; and (2) another QTL (originally LOD = 9.6), previously detected in a very lowdensity area (only two markers in a 39.3 cM area), has reached a LOD value of 21.1 in this same area now covered by 47 SNPs (representing distinct genes) of unique position. Spruce-pine synteny
The gene sequences of the Pinus spp. composite map (de Miguel et al., 2015) were compared to the gene sequences of the P. glauca gene catalogue (Rigault et al., 2011) . Best pine matches (tblastx e-value <10e À40 ) were identified for 2052 genes mapped on P. glauca, which could be used to assess inter-generic synteny. Of these, 1851 (90.2%; median e-value <10e À180 ) were found in synteny on homeologous chromosomes (Figure 2 ). The remaining 201
non-syntenic matches were distributed across the 12 linkage groups, with no pattern suggesting segmental transposition or other major rearrangement. They likely correspond to similar but paralogous genes, in absence of the ortholog match. Other matches following the best one (from ranks 2 to 10, depending of the gene; median e-value of 2.5 9 10e
À121
), for 1308 pine queries previously shown to result in spruce-pine synteny (green dots in Figure 2 ), were also plotted ( Figure S2 ). They showed a high degree 
Gene distribution
The density of mapped genes was not uniform within the linkage groups ( Figure 1e and Table S5 ; KolmogorovÀSmirnov tests, P < 0.05). We found 15 high-density regions (HDRs) and 38 low-density regions (LDRs) ( Table 2) . HDRs, which are characterized by reduced genetic distance and recombination rate between mapped genes, represented 11.4% of the map length and 19.7% of the mapped genes. Genes were about twice as frequent in HDRs as in LDRs (Table 2 ). Except for linkage group LG04, the maximum density of one HDR corresponded closely to the center of each of chromosome (average genetic distance from the center = 4.1 cM, s.d. = 2.4 cM); for LG04, the HDR was off-centered and presented a distance ratio on each side of 1.8 to 1. These results also showed secondary peaks of higher density which rarely reached significance (only three significant HDRs), and the quite systematic presence of LDRs at the tips of linkage groups (Figure 1e ), which were significant for 22 out of 24 cases. The positions of central HDRs matched well the centromeric positions reported from cytological analysis of P. glauca (Nkongolo, 1996) where eight chromosomes had median centromeric positions and four were ranged between median and submedian positions. We thus interpret the highest density position of the central HDRs as the most likely positions of the chromosome centromeres on the composite map ( Figure 1e ).
Mapped genes belonged to 718 super-families and 1213 families. The 718 super-families involved 1731 mapped genes for an average of 2.4 mapped genes per superfamily. Each superfamily had members on a variable number of linkage groups ( Figure 1f , g and Table S6 ). A simulation process (see Experimental Procedures) showed that superfamily members were not randomly distributed (v 2 = 625.5, d.f. = 11, P < 2.2 9 10e À16 ). The highest contribution to the v 2 value resulted from the members on a single linkage group (Table S6) . Thus, superfamily members mapped on the same linkage group more often than by chance alone. Indeed, depending on the number of intervening genes in the arrays and stringency of the analysis (Table 3) , from 105 to 342 arrays of tandemly arrayed genes (TAGs) were identified over the genome and they included from 222 to 808 genes, respectively, corresponding to 2.5 to 9.2% of the mapped genes (Figure 1f, g ). These arrays were well distributed over the genome and did not account for the higher gene density observed in HDRs. The functional annotations represented among the TAGs were compared with the other mapped genes through a single enrichment analysis using PFAM annotations based on sequence similarities. We compared: (i) the families among the 513 genes mapped in arrays (high-stringency definition; Table 3 ) to those represented among the 8280 other mapped genes; and (ii) the families among the 808 genes mapped in arrays (low-stringency definition; Table 3 ) versus those represented among the 7985 other mapped genes. In total, 15 PFAM families were over-represented among genes in TAGs (two-tailed Fisher's exact test, adjusted P < 0.01) using the low-stringency parameters, and eight families were over-represented when using the high-stringency parameters ( Figure 3 ). The 15 PFAM involved 10 families of enzymes, the K-box containing proteins (SRF transcription factors), the dirigent-like family involved in defense mechanisms, the major intrinsic proteins forming transmembrane channels, the Hsp20/alpha crystallin family involved in response to stress, and the pollen allergen/expansin family involved in cell wall organization (Figure 4) . In total, 6995 mapped genes had a known expression pattern, and they were distributed across 24 co-expression modules as described by Raherison et al. (2015) . Each module encompassed between 0.1 and 10.5% of these Protein sequences were clustered in families by using high-stringency parameters of 50% identity and alignment over 90% of the length of the shortest sequence (H) or low-stringency parameters of 30% identity and alignment over 70% of the length of the shortest sequence (L). 6995 genes (Table S7) . For each module, the co-expressed genes were not distributed differently across the 12 linkage groups (Pearson's v 2 exact test with simulated P-value based on 100 000 replicates; FDR ≥ 0.05) (Table S8 ). There were 60 clusters of two or three co-expressed genes among genetic bins (Table S9) . They represented 16 distinct expressional patterns and 122 genes, for an average of 2.03 genes per cluster. Two clusters were themselves co-localised on LG08, had distinct expression patterns, and included four genes from different families. The 60 expressional clusters included 42 clusters of unrelated genes, seven clusters of related genes and 11 clusters containing genes of undetermined functions (Table S9 ). These gene clusters were not equally distributed across linkage groups (Table S7 ; v 2 = 31.1; d.f. = 11; P = 0.0011; Figure 1h ). The probability of a random occurrence of two co-localising and co-expressed genes was estimated by simulation. The numbers of detected pairs of co-expressed genes were significantly higher than expected by chance (P < 0.01) on the linkage groups LG02, LG07 and LG11 ( Figure 1h and Table S8 ).
Genetic vs. physical distances
Genomic scaffolds from the most recently released and contiguous sequence assembly of the white spruce genome (PG29v4; Warren et al., 2015) were anchored to the genetic map (Table S1 ). The genomic scaffolds that encompassed two genes that mapped to the same linkage group and for which both SNPs were heterozygous for the same parent were retained. In total, 69 scaffolds were identified and for each of these, the number of recombination events occurring between mapped genes was counted. Five scaffolds were excluded because they showed hundreds of recombination events between SNP positions, as well as dozens of other mapped genes in-between that could not be detected on the scaffolds. Of the 64 remaining scaffolds, 60 showed no recombination between SNP positions and in the remaining four scaffolds, only six recombination events were observed (Figure 1b green lines, and Table S10 ). Out of these 64 scaffolds, the average recombination rate estimated over the subset of 50 un-gapped scaffolds was 0.11 cM/Mb, and the rate was 0.08 cM/Mb when including the 14 additional scaffolds that contained a total of 18 gaps of unknown length. Given the inclusion of gapped scaffolds in the last estimate, it should be considered as a maximum estimate from the group of 64 scaffolds. By comparison, when dividing the lengths of the parental female and male genetic maps by the total size of the white spruce genome (20.8 Gbp; Warren et al., 2015) , the genome-wide recombination rate could be estimated at 0.10 cM/Mb and 0.08 cM/Mb, respectively, for an average of 0.09 cM/Mb, which is very similar to the estimates obtained from the scaffolds containing two mapped genes.
Among the 60 scaffolds containing two mapped genes without observed recombination on the parental genetic maps, 45 included pairs of functionally annotated genes without gap in-between. Closer examination of the 45 pairs showed that the distance between two genes with similar function (mean = 20.9 kbp, s.d. = 43.9 kbp, n = 23) was significantly shorter (P < 0.05, one-tailed t-test) than those with different functions (mean = 80.9 kbp, s.d. = 126.7, kbp, n = 22) (Figure 4) . Genes with similar function included those related in sequence that were tandemly duplicated; if they derived from recent duplication events, insertion(s) between these genes may have not yet occurred. Alternatively, genes unrelated in sequence but related in function may have been maintained physically close during evolution to keep them under the same expression control.
DISCUSSION
A reference genomic resource for the conifer research community
The availability of gene sequences, high-confidence SNPs and high-throughput genotyping technologies has been making high-density gene mapping possible in plant species beyond well-established model systems. In this context, the construction of the present white spruce reference genetic map is an unprecedented gene mapping effort for a conifer or any gymnosperm species, both in terms of the size of mapping population and the number of genes mapped.
One of the main features brought to conifer genomics by this genetic map is its high accuracy. Accurate genetic maps are essential for the mapping of complex traits (e.g. Wang et al., 2015; Zhou et al., 2016) and for the validation and improvement of genomic sequence assemblies (Paux et al., 2008; Bartholom e et al., 2015; Silva-Junior and Grattapaglia, 2015; Song et al., 2016) . In wheat, an ultra-highdensity and accurate reference genetic map has also enabled to identify genomic blocks with segregation distortion and segments of introgression (Gardner et al., 2016) . The progeny size used in the present linkage analysis was the most obvious factor to gain resolution since the expected genetic distance between two distinct loci was as low as 0.05 cM (1/1976 progenies). By comparison, with 200 progenies, a mapping population size commonly seen in conifer genomic research, the minimal distance between two markers would be 0.50 cM. Indeed, on parental maps here, 69% of the genetic distances between unique positions were included in the 0.05-0.50 cM range. In another tree species, namely eucalypt, an increase of the mapping population size positively impacted the accuracy of the dense genetic map obtained (Bartholom e et al., 2015) . The use of a large single cross to build genetic maps was also an important factor to obtain high accuracy of the gene or marker order for such a high-density map. Indeed, even in absence of genotype errors where the marker order should be the most accurate, the construction of a composite map with different sub-maps will necessarily result in an approximate order of the markers at the local scale. Such effect will be amplified with reduced progeny size. Although a very large number of progeny was utilized to build parental maps, the present study also highlighted the great difficulty of resolving marker order beyond a certain threshold. A complete absence of recombination events was observed between numerous pairs of SNPs, resulting in the co-localisation of 22% of the 1:1 segregation SNPs. This non-random distribution of recombination events between genes could be explained in part by the presence of cold spots of recombination or by large regions of suppressed recombination across the genome, as observed in several other plants (e.g. Choulet et al., 2014; Choi and Henderson, 2015) , but also by the non-random distribution of genes per se, given that the distribution of intergenic distances resembles a log-normal distribution in most eukaryotic genomes (D avila L opez et al., 2010).
Another important aspect of the high mapping accuracy obtained here was the quality of genotyping data retained to build maps. Genotyping errors, even when rare, have important impact on both the gene order and gene positions (Hackett and Broadfoot, 2003; Cheema and Dicks, 2009 ) but the high percentage of co-localisations we obtained on parental maps was a strong indicator of the low level of errors among genotypes we used. It is very unlikely to observe co-localisations by chance alone due to the very low probability for two SNPs to show the same genotype for an entire large progeny set in the presence of genotyping errors, even if they were at a very low rate.
QTL detection
QTLs were mapped for three traits related to spruce adaptation (bud set, bud flush, height growth). They were previously analysed with maps constructed with four times fewer progeny and containing five times fewer distinct gene loci than in the present study . Here, the QTL regions were localised more precisely because the distance between markers was shorter and marker density was higher. Given the high precision of QTL mapping and positioning of co-localising genes, and the high synteny observed with pine genetic maps, this white spruce reference map should open up comparative studies on the genomic architecture of quantitative traits related to adaptation and productivity, which should shed light on the evolution of the genomic organization of such traits in the Pinaceae, the largest family among conifers.
Spruce-pine genome synteny
De Miguel et al. (2015) used the gene loci positions from a previous Picea glauca linkage map (Pavy et al., 2012) to generate a Pinaceae composite map positioning 6662 gene loci, and identified 513 bridges (orthologous genes based on sequence similarity) between pine and spruce composite maps. We have updated this analysis with a slightly different procedure by comparing their most recent Pinus composite map to the augmented composite map presented herein for white spruce. Inter-generic synteny between pines and white spruce maps was here supported by 1851 bridges and no significant large-scale rearrangements were detected in the genome macrostructure (Figure 2) . The present data confirmed the high level of conservation in genome macrostructure previously reported between pine and spruce (Pavy et al., 2012; de Miguel et al., 2015) in significantly more detail. The results obtained support the notion that macro-scale synteny has been maintained in the various spruce and pine taxa since the divergence of the genera (Picea and Pinus) well over 100 million years ago (Savard et al., 1994) . Such a long period of stasis appears to be quite unprecedented in seed plants so far investigated at the comparative genomic level, especially when considering flowering plants. Wellsupported examples of rearrangements in genome macrostructure are rare in conifers and include a minor rearrangement and a fission of one chromosome in the Pinaceae Pseudotsuga menziesii (Pelgas et al., 2006; Ritland et al., 2011) , and more major rearrangements between the families Pinaceae and Cupressaceae (de Miguel et al., 2015) , which have diverged more than 200 million years ago (Gernandt et al., 2011) . Also, it should be noted that while different pine and spruce taxa can show conserved gene family structures (Guillet-Claude et al., 2004), other gene families showed differential expansion in different Pinaceae taxa (Bedon et al., 2010) , thus likely affecting TAGs and micro-scale synteny differently. Collinearity also appeared to be high between white spruce and pines (Figure 2 ), as previously observed between the loblolly pine and white spruce genomes (Pavy et al., 2012) . To more precisely evaluate collinearity among Pinaceae genomes and the extent of true-positive local rearrangements (beyond statistical uncertainty of marker positioning), more populated and accurate reference maps would be needed from pine taxa and other Pinaceae genera. It will also be possible to assess the level of micro-synteny/ collinearity at a finer scale when larger genome sequence scaffolds become available for both spruce and pine. Such a high level of conservation observed in genome macrostructure will be useful for cost-effectively bridging research and facilitate comparative investigations into spruce and pine structural genomics.
We also compared the gene positions based on 'next to best' BLAST hits between mapped pine and white spruce gene sequences, and synteny could still detected for a majority of the genes ( Figure S1 ). The conservation of synteny with next to best matches -likely to be close paralogs -suggests that much of the structural genome divergence between pine and spruce is found in tandem duplications of gene family members. These tandemly arrayed genes (TAGs appear to have made a major contribution to the expansion of gene families in conifer genomes since the split between the angiosperm and gymnosperm lineages (e.g. Kinlaw and Neale, 1997; Guillet-Claude et al., 2004; Bedon et al., 2010; Pavy et al., 2012; Nystedt et al., 2013; Wegrzyn et al., 2014; Warren et al., 2015) .
Recombination rates
Variation of gene density was observed along the white spruce composite map. As commonly observed in other plants, this type of variation coincides with regions of lower and higher rates of recombination rates and/or genetic diversity along chromosomes (e.g. Anderson et al., 2006; Choulet et al., 2014; Bhakta et al., 2015; Maccaferri et al., 2015; Silva-Junior and Grattapaglia, 2015) . The identification of recombination patterns along the chromosomes, such as those for centromeric and pericentromeric regions, could be useful to orient evolutionary studies (Gaut et al., 2007) . In the present study, regions highly populated in gene markers (HDRs) on the composite genetic map most often corresponded to central regions of linkage groups. These HDRs likely correspond to centromeric and pericentromeric regions, which are usually characterized by a relative paucity of genes and suppressed recombination (e.g. Anderson et al., 2006; Choulet et al., 2014) . Physical evidence for the presence of centromeric regions near white spruce chromosome centers has already been reported from cytological observations (Nkongolo, 1996) . In regions with low recombination rate, genetic distances become shorter and gene markers closer and more often superimposed, resulting in HDRs. Thus, these HDRs would not imply physically densely populated regions in genes. Conversely, LDRs were observed at the tips of most linkage groups and likely correspond to subtelomeric and telomeric regions. These regions, that normally tend to exhibit the highest levels of recombination in plant chromosomes (Gaut et al., 2007) , would result in larger genetic distances between genes, but would not necessarily imply regions physically sparse in genes.
Only six recombination events were detected among 64 white spruce genomic sequence scaffolds each encompassing two mapped genes, leading to an average recombination rate in the vicinity of 0.08 to 0.11 cM/Mb, depending if gapped scaffolds were considered or not. These estimates are in the range of the genome-wide recombination rate (GWRR) estimated at 0.09 cM/Mb based on the length of genetic maps and genome size of 20.8 Gbp for white spruce (Warren et al., 2015) . A similar rate of 0.09 cM/Mb could be deduced for Pinus taeda, from considering a genetic map length of 1815 cM (Eckert et al., 2010) and a physical genome size of 20.1 Gbp (Neale et al., 2014) . These Pinaceae GWRR are much lower than those usually observed for angiosperm species. Tiley and Burleigh (2015) compared recombination rate across angiosperms and found values up to 5 cM/Mb (5.52 for Brachypodium distachyon; 4.96 for both Mimulus guttatus and Populus trichocarpa; 4.73 for Oryza sativa). The Zea mays GWRR is about 0.72 cM/Mb (Bauer et al., 2013) , the lowest value reported for angiosperms. Thus, Tiley and Burleigh (2015) observed a negative correlation between genome size and GWRR in angiosperms that they inferred to be caused by the removal of LTR retrotransposons in genomes. Their conclusion could also apply to white spruce and loblolly pine, given that their GWRR appears to be low and their genome content is very high in transposable elements (reviewed by de La Torre et al., 2014) . In angiosperms, GWRR often do not reflect the observation that recombination is frequently concentrated in hotspots. No recombination hotspots were detected in white spruce, but given that the 60 scaffolds considered herein represent only a very small fraction of the genome, it would be unlikely to detect recombination hotspots. Large variations of recombination rates have been reported in angiosperms, between and within chromosomes, and across populations and environments (e.g. Bauer et al., 2013; Deokar et al., 2014; Si et al., 2015; Silva-Junior and Grattapaglia, 2015) . For example, recombination peaks exhibited 26 to 54 times the average recombination rate of 4.8 cM/Mb on A. thaliana chromosome 4 (M ezard, 2006; Drouaud et al., 2013) , or between 11 and 22 times the average rate in rice (Si et al., 2015) . In rice, this was observed by analysing windows as long as 100 kbp (Si et al., 2015) and hotspot frequency was one in every 160 windows. Thus, it is also likely that local heterogeneity in recombination rates might exist along the white spruce genome. The confirmation of such a trend will have to await the availability of more contiguous genome sequences. Such more detailed patterns of recombination rates should help identify the genomic elements and processes responsible for the low GWRR observed in Pinaceae. In connection with this, it should be valuable to investigate the role of the abundant and highly methylated spruce transposable elements (Ausin et al., 2016) on genic organization along the chromosomes, and how this may affect recombination between genes or gene islands.
Expression clusters
We detected 60 expression clusters, i.e. groups of genes having the same expression pattern and co-localising on the genetic map. They included many cases of genes that were unrelated in sequence but related in function: seven of the clusters were involved in metabolic processes and two others implicated transcription factors. Clusters of unrelated genes involved in metabolism are possible candidates for metabolic clusters, which were shown to be involved in plant defence mechanisms (review by Osbourn, 2010) . Some clusters could correspond to operon-like structures which have been found in several angiosperm genomes and were reported to represent synthetic metabolic clusters (review by N€ utzmann et al., 2016) . In conifers or gymnosperms, no such clusters have been reported yet and, while such investigations are challenging, they may have significant application value, as shown in angiosperms (reviewed by N€ utzmann et al., 2016).
Tandemly arrayed genes
We investigated possible functional specificities among TAGs. In total, 15 super-families were significantly overrepresented among mapped TAGs versus other mapped genes (adjusted P < 0.01). They included two superfamilies involved in response to abiotic stress (glycosyl hydrolases family 17, dirigent-like family) and another family involved in response to heat shock or environmental stress (the Hsp20/alpha crystallin family). TAGs were also over-represented among these functional categories in Arabidopsis and rice genomes . A single transcription factor superfamily was found over-represented in white spruce, which is the Kbox containing protein family or SRF transcription factor family. In Arabidopsis and rice, genes involved in transcription were under-represented among TAGs . However, as the set of white spruce mapped genes did not represent the complete transcriptome, it would have been premature to search for underrepresented functional categories among white spruce TAGs.
CONCLUSION
With this considerably enhanced white spruce reference genetic map, we have integrated phenotypic, genetic, transcriptomic and sequence data to generate a genomic resource that should be of high value for future spruce and conifer genomic analyses, and for the purpose of comparative genomics analysis with angiosperms and other plant lineages. The map has proven useful to highlight several macro-structural features of the spruce genome related to gene distribution and organization, and that are likely to represent shared features with other Pinaceae and conifer genomes. Given the very large size of the white spruce genome where 1 cM corresponds to 11 Mbp on average, and given that the large noncoding regions of the spruce genome are populated with repetitive elements, which represent a significant challenge for long-range assembly (Warren et al., 2015) , the accuracy of this genetic map in terms of gene order and recombination distance should be of high value for the construction of a physical map together with the renewed genome sequencing efforts with long-range sequencing and assembly strategies (e.g. Mostovoy et al., 2016) . These efforts should result in megabase-scale contiguity and a large number of scaffolds containing multiple mapped genes.
EXPERIMENTAL PROCEDURES Plant material
The mapping pedigree consisted of 1976 full-sib progeny derived from a cross between two unrelated white spruce (Picea glauca [Moench] Voss) individuals (#C94-1-2516: ♀77111 9 ♂2388). This pedigree is an extension of the cross D QTL mapping population for which the first 500 progenies were assessed for phenological traits in replicated tests under field and controlled environments (see QTL section below).
Genotyping, framework parental maps and composite map
The genotyping SNP array PgLM3 (Pavy et al., 2013b) based on the iSelect Infinium technology (Illumina, San Diego, CA) was used to genotype all progeny. Using control DNA replicates, the reproducibility rate of the genotyping assay was estimated at 99.99% (Pavy et al., 2013a) . Out of 14 139 assayed SNPs, 8896 successful SNPs were selected to build the genetic maps with a ratio of one SNP per gene. This number included 515 genes positioned by Pelgas et al. (2011) and 874 genes positioned by Pavy et al. (2012) on previous maps. The evaluation of genotypic data clustering and quality was conducted using the Illumina GenomeStudio genotyping module v1.9.4. Considering the large impact of genotyping errors on map quality over missing genotypes (Hackett and Broadfoot, 2003; Cheema and Dicks, 2009) , and also noting that in our preliminary analyses of the dataset, we found by direct evidence and by simulations that genotyping errors were by far the most important factor leading to discrepancy between results obtained by different mapping algorithms, we favoured a highly careful genotype calling approach that minimized genotype errors by calling 'missing' uncertain genotypes. Up to 50% missing calls were registered for a single SNP, however the average was 1.7% (median = 0.05%) over all SNPs retained for analysis. Linkage mapping was carried out with JoinMap â 4.1 (Van Ooijen, 2006) . All markers were first assigned to linkage groups, and then ordered with the multipoint maximum likelihood (ML) algorithm (Van Ooijen, 2011) by using the default parameters, and with the regression mapping algorithm for comparison. SNPs exhibiting a non-mendelian segregation (P ≤ 0.01 after Bonferroni correction; see test below) and SNPs having more than 10% of missing data were excluded from the first analysis and then re-included in the final maps since their inclusion had no obvious impact on marker position and order. The marker order in the final maps was consistent between the two algorithms. The composite map is presented using the Kosambi's mapping function and genetic distances in order to facilitate the comparison with most other conifer genetic maps. Distance conversion between Kosambi and Haldane mapping functions was performed with the R package qtl v1. 39-5 (Broman et al., 2003) .
For QTL analysis, a two-way pseudo-testcross strategy (Grattapaglia and Sederoff, 1994) was used. Framework parental maps were built for each parent with 2774 (female) and 2308 (male) SNPs. One SNP per genetic bin was kept to build these maps. A genetic bin is defined as a group of SNPs of the same genotypic class (i.e. male parent or female parent SNPs, that have a 1:1 segregation ratio, or shared SNPs between parents with a 1:2:1 ratio) that are not separated by a recombination event. The SNP with the smallest number of missing genotypes represents the bin (Table S3) . For these maps, we exclusively used the 1:1 segregating SNPs and only highly reliable SNPs 
Segregation distortion
The allelic inheritance of the SNPs was tested for goodness-of-fit to the expected Mendelian segregation ratios by using the v 2 test. To analyse segregation distortions, we only used SNPs with less than 1% of missing genotypes due to non-random distribution of missing genotypes. Several contiguous SNPs exhibiting a significant segregation distortion (P < 0.01 with Bonferroni correction) over at least 1 cM were considered as a potential segregation distortion region (SDR).
To help understand the cause of the major SDR observed on LG03, we developed an iPlex Gold (Agena Bioscience, San Diego, CA) assay containing 13 SNPs spanning the SDR region that showed segregation distortion on the male parental map, 10 SNPs from the same region that were not distorted on the female parental map, and five SNPs with normal segregation from elsewhere on the genome. The SNP assay was used to genotype 43 to 46 embryos, and 21 to 23 megagametophytes, for each of the following seedlots (available at that time) involving parent 2388, either used as male or female: (1) the original seedlot that was used to create the mapping population of this study (#C94-1-2516: ♀77111 9 ♂2388); (2) the reciprocal controlled cross (#C94-1-2533: ♀2388 9 ♂77111); (3) another one involving a different male parent (#C94-1-2531: ♀2388 x ♂81111); and (4) one involving a mix of 19 fathers (#C94-1-2532: ♀2388 9 polymix of pollen). Genotyping was performed at the G enome Qu ebec Innovation Centre (McGill Univ., Montr eal, Canada) using their internal platform protocols.
QTLs
Phenological data obtained by Pelgas et al. (2011) for timing of bud flush, timing of bud set and growth over a 3-year period were reused to compare QTL precision with the framework parental maps (mapping population D in Pelgas et al., 2011) . The experimental design consisted of six ramets for each progeny that were separated in two sets of three randomized blocks: three indoor blocks placed in environmentally controlled conditions from the June summer solstice to mid-September, and three blocks permanently placed in outdoor conditions in Valcartier nursery of the Canadian Forest Service, Qu ebec. The 482 progeny tested in both environments were kept for analysis. Conditions are fully described in Pelgas et al. (2011) . The dataset was analysed using the framework parental maps and reported on the composite map (Figure 1d ). An intervalmapping approach (Knott et al., 1997) was first used to detect putative single QTLs with five neighbouring markers and 200 iterations using MapQTL v.6.0 (van Ooijen, 1992) . The genome-wide threshold of statistical significance was determined by applying 10 000 permutations of the data. Only QTLs that exceeded the genome-wide P ≤ 0.05 and at AE1 LOD around a central peak position were reported (Table S4 ) and compared with the results of Pelgas et al. (2011) .
SpruceÀpine genome synteny
We used the sequence data from 4906 genes of the Pinus composite map (INRA Pinus composite 2016; http://w3.pierroton.inra.fr/ cgi-bin/cmap_pinus/map_set_info) representing a number of Pinus pinaster and Pinus taeda genetic maps (described by de Miguel et al., [2015] ) to evaluate the extent of genome synteny between the genera Picea and Pinus of the family Pinaceae. The 4906 gene sequences were blasted (tblastx) against the entire white spruce gene catalogue GCAT v3.3 (Rigault et al., 2011) . Using a threshold e-value <10e À40 , the best Pinus gene queries that hit a mapped P. glauca gene were kept and their positions on the white spruce and composite pine maps were compared (Figure 2 ). When PiceaPinus synteny was noted for any of these best matches, matches following the best one and still passing the threshold e-value, up to the 10th distinct hit depending of the gene, were similarly checked for synteny and plotted ( Figure S1 ).
Gene annotations and classification in families and superfamilies
To provide putative functional annotations, sequence similarity searches were also conducted at the protein level with the blastx/ tblastx programs against several databases: Arabidopsis thaliana (TAIR10), Oryza sativa (MSU6), the primitive angiosperm Amborella trichopoda (first release of the Amborella genome; http:// www.amborella.org), pine (putative transcripts from both Pinus taeda and Pinus pinaster were retrieved from the PlantGDB database and the longest ORF was translated with getorf and retained to build a BLAST database), and Pseudotsuga menziesii (Howe et al., 2013) . Genes with no match (e-value >10e À10 ) against the pre-cited angiosperm sequences but with a match either against pines or Douglas fir were declared as orphans. These orphans include sequences too short to be annotated as well as putative conifer specific genes. In total, 148 white spruce sequences (1.7% of the mapped genes) with no match at all remained unannotated. Blastx was also run against the protein database Uniprot-SwissProt; the best hit with an e-value <10e À10 was retained.
To identify the gene families and super-families, protein sequence clustering was conducted with the CD-Hit suite (Li and Godzik, 2006; Huang et al., 2010) . We used two levels of stringency and the same parameters as Rizzon et al. (2006) to compare the organization of the families and super-families described in Arabidopsis and rice genomes. High-stringency parameters corresponding to 50% of identity over 90% of the sequence length were used to identify members of gene families; and low-stringency parameters corresponding to 30% of identity over 70% of the sequence length were used to identify super-families.
Gene distribution
The density function was estimated by the Kernel method where genes are positioned along the linkage groups, as described in Pavy et al. (2012) . We used the adaptive Kernel approach implemented in the akdensity function of STATA to compute the confidence interval of the density estimation to avoid the use of an arbitrarily fixed bandwidth (Van Kerm, 2003) . A peak in the distribution was declared as a significant HDR when the lower limit of the confidence interval of the density function was above the uniform distribution (P < 0.05). Several other analyses were conducted to investigate the distribution of the gene family members across linkage groups. The families obtained after sequence clustering with the CD-Hit suite were also used. Some families had members on a single linkage group, on two linkage groups, and so on. To evaluate whether the observed distribution could be found by chance alone, it was compared to averages obtained from simulated distributions. First, 1731 genes were randomly chosen out of the 8793 mapped genes (this number of 1731 corresponding to the observed number of genes found in families). Second, these 1731 genes were randomly assigned to families by following the observed numbers of gene members per family. Third, the number of families found dispersed among one, two, three up to the 12 linkage groups was counted. These three steps were repeated 1000 times to calculate the average number of linkage groups where simulated families were found.
Expression clusters
Expression profiles have been surveyed across seven white spruce tissues sampled from shoot apex, young foliage, shoot secondary xylem, root secondary xylem, root tips, shoot phelloderm, and root phelloderm, and assembled in an expression database (Raherison et al., 2015) . We found 6995 (79.5%) genes mapped herein in this database. A total of 2816 mapped genes were differentially expressed across tissues at a high confidence (adjusted P < 0.0001) and 4179 others with a lower confidence level (adjusted P < 0.05). To evaluate the distribution across linkage groups, the 8793 genes mapped on the 12 linkage groups were permuted while respecting the observed positions and the number of distinct positions on each linkage group. The number of co-localising and co-expressed genes was computed for each permutation. After 1000 repeats of this process, the average number of pairs of co-expressed genes for each linkage group was calculated (Table S9 ).
Genetic vs. physical distances
Sequences of the mapped genes, largely derived from high-quality cDNA sequencing, were retrieved from the white spruce catalogue of expressed genes (Rigault et al., 2011) . To identify its corresponding genomic sequence, each mapped transcript was compared to the most contiguous white spruce whole-genome sequence assembly available (PG29v4, GenBank accession number ALWZ04000000; Warren et al., 2015) with the blastn program. Only high scoring pairs exhibiting an identity level >97% were retained to anchor the genomic scaffolds onto the genetic map. To obtain an estimate of the recombination rate (genetic distance/physical distance), we focused the analysis on scaffolds encompassing two mapped genes on the same linkage group and for which both SNPs were heterozygous for the same parent. The presence or absence of gaps of unknown length in scaffolds was also considered; the gaps are series of Ns that are used in scaffold assembly when inserts of paired reads are not filled with other sequences.
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